Here we construct mechanically flexible and optically transparent thin film solid state supercapacitors by assembling nano-engineered carbon electrodes, prepared in porous templates, with morphology of interconnected arrays of complex shapes and porosity. The highly textured graphitic films act as electrode and current collector and integrated with solid polymer electrolyte, function as thin film supercapacitors. The nanostructured electrode morphology and the conformal electrolyte packaging provide enough energy and power density for the devices in addition to excellent mechanical flexibility and optical transparency, making it a unique design in various power delivery applications.
R ecently there has been significant interest in using carbon based nanomaterials as supercapacitor electrodes due to several advantages of carbon such as light weight, high electrical conductivity and electrochemical surface area [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . There is a large number of interesting possibilities in creating new designs for such energy storage devices if the carbon electrodes can be tailored and engineered to fit new functionalities. Here, we demonstrate the design and fabrication of flexible and transparent supercapacitors using a highly structured carbon thin film, structured inside porous templates by chemical vapor deposition. These carbon films consist of arrays of periodic and interconnected nano-cup morphologies of few layer graphitic structure (from now, termed as carbon nanocups -CNC) and are used as thin film electrodes for the supercapacitor devices. CNCs are architectures precisely engineered from graphitic carbon, within porous templates, having up to 10 5 times smaller length/diameter (L/D) ratios compared to conventional nanotubes, and have unique nanoscale cup morphology. Our CNC filmspolymer electrolyte composites have three remarkable features for the use as a solid state, thin-film supercapacitor device. First, a CNC film has the high surface area offered by arrays of controlled nanoscale cup structures and highly disordered graphitic layers that are keys for the effective permeation of the polymer electrolyte in supercapacitors. Second, unique nanoscale structural and morphological features of CNC films enable the easy access and faster transport of ions at the electrode/electrolyte interface resulting in higher power capability. Finally, high current carrying capability, substantial mechanical strength, and small effective electrode thickness (10 nm) allow us to build multifunctional (optically transparent and mechanically flexible) reliable thin-film energy storage devices.
Results
Fabrications of nano-engineered carbon films. Fig. 1a and 1b-c shows the scanning electron microscopy (SEM) images of top (concave) and bottom (convex) parts of as-synthesized CNC films (with channels of 80610 nm in diameter and 140610 nm in length). By connecting the highly dense and ordered arrays of nanocups with continuous graphitic layer that, large area porous nanostructured films ideal for energy storage electrodes is achieved. To further increase the surface area of CNC films, multi-branched nanocup architecture, with large number of short nanotubes (25 nm in diameter and 330610 nm in length) grown and attached to the bottom of the CNC films, are fabricated by using multistep anodization process followed by a chemical vapor deposition (CVD) method 21 (Fig. 1d-f ). Through the control of nanopore dimension in anodic aluminum oxide (AAO) templates and CVD conditions, we can precisely tailor the geometry and structure of the nanocup such as length, diameter, L/D aspect ratio, and their wall thickness, which are important factors to determine capacitor behavior, mechanical stability, and optical property of devices. Our calculation reveals that a branched convex CNC films possess 2.3 times higher surface area exposed to the electrolyte than that of a normal convex CNC film (see the method section for the surface area calculation). The length of branched carbon nanotubes is optimized to obtain optical transparency as well as maximized electrochemically active interface between electrodes and polymer electrolyte. Also it is noted that the innermost layer of the concave nanocup ( Fig. 1a ) has relatively well-ordered SUBJECT AREAS: MATERIALS SCIENCE PHYSICS APPLIED PHYSICS ELECTROCHEMISTRY graphitic structure, while the outermost layer which is the surface of the convex part ( Fig. 1b-f ), is very defective 22 . When used as a supercapacitor electrode, these defects can act as reactive sites providing an effective charge transfer and good electrode-electrolyte interfaces that minimize the internal resistance of supercapacitor devices. Measured surface electrical conductivity of the CNC film is 117 S/m, which is higher than typical activated carbon electrodes (,30 S/m) 23 for supercapacitors.
Fabrications of transparent and flexible supercapacitor devices.
We have fabricated a flexible and transparent thin-film supercapacitor device by impregnating highly porous CNC electrodes (anode and cathode) in transparent polymer electrolyte films. Fig. 2 shows schematics of the fabrication process of branched CNC-polymer electrolyte thin films and optical images of supercapacitor devices. As shown in the schematics of Fig. 2a , the nanocup films are transferred to polydimethylsiloxane (PDMS) and released by dissolving AAO templates in copper chloride and hydrochloric acid mixture solution to produce transparent and flexible graphitic carbon electrodes. The CNC films are then utilized as a dual function layers in supercapacitor devices where an inner graphitic layer exposed to the electrolyte acts as active electrodes and outer graphitic layer works as current collectors. The fact that ultra-thin and organized arrays of nanostructured graphitic film can be used for both electrodes and current collectors enables us to design and create mechanically flexible and optically transparent supercapacitor film in a scalable and simple manner. For the ionic electrolyte/separator, the polyvinyl alcohol-phosphoric acid (PVA-H 3 PO 4 ) gel electrolyte is then sandwiched between two separated CNC electrode films. For this, PVA-H 3 PO 4 polymer solution is poured over the CNC film and spin-coated with 500 rpm to obtain the effective electrolyte thickness (12 mm). CNC films are transparent with transmittance of 71% at 550 nm wavelength (supplemental Fig. S1 ) and so the fabricated solid state thin film CNC supercapacitor devices are optically transparent ( Fig. 2b ) and mechanically flexible ( Fig. 2c ).
Characterizations of the supercapacitors. Cyclic voltammetry (CV)
is performed to evaluate the capacitance of all three different types of CNC (concave, convex, and branched convex) electrode based solid state supercapacitors. All CV curves show a very rapid current response on the voltage reversal at each end potential and straight rectangular shapes representing a very small equivalent series resistance of electrodes and faster ionic diffusion in the electrolyte film. The CV curves of CNC devices are measured with various scan rates in the ranges of 10 -500 mVs 21 . Especially when a branched CNC electrode (branched convex) is used ( Fig. 3a) , nearly rectangular shaped CV curves are obtained even at very high scan rates demonstrating high performance capacitor devices (for concave and convex CNC devices, see supplemental Fig. S2a and S2d). Galvanostatic charge/discharge (CD) is also conducted to evaluate the normalized capacitance and internal resistance of the branched The capacitances by the geometrical area calculated from CD curves are 78, 132, 409 mF cm 22 for concave, convex, and branched CNC supercapacitors, respectively (see method section for the capacitance calculation). Note that we have chosen to use the areal capacitances, and not the gravimetric capacitance, due to the ambiguities in mass determination of CNC films. Though the specific surface area of the convex CNC is 1.25 times higher than that of the concave CNC, the convex CNC device shows 1.7 times higher capacitance than a concave CNC device because of its more open surface morphology and electrochemically active sites formed on the surface of AAO templates 22 as described above. For the branched convex type supercapacitor device, where electrochemically active surface is maximized, measured specific capacity is 3-5 times higher than regular CNC capacitor devices and 6 times higher than what has been reported for a single-layered graphene device 18 . Also the volumetric capacitance of the branched convex type supercapacitor (0.33 F/ cm 23 ) is only 1.36 times smaller while providing high transparency than what has been reported for laser-scribed graphene electrochemical capacitors using the same electrolyte 20 . From the voltage versus time profile, we are able to calculate the coulombic efficiency, g using a ratio of the times for galvanostatic discharging and charging. An ideal capacitor gives 100% efficiency and has mirror inverse V shape from the galvanostatic CD curve. The columbic efficiency for the CNC supercapacitor is 86%.
The temperature effects on capacitance and charge-discharge behaviors in CNC devices are also explored. As shown in Fig. 3c , about three times higher capacitance (1220 mF cm 22 ) is observed at 80uC compared to the capacitance measured at room temperature. The increase in capacitance may be partly due to the molecular alignment of PVA-H 3 PO 4 chains and the excitation of charge carriers present on the imperfect sites of the CNC electrode surface with a moderate temperature increase 16 .
Ragone chart of the supercapacitors. To evaluate energy storage performance of the branched CNC device, energy density is plotted versus power density (Ragone chart) as shown in Fig. 3d [24] [25] . Using the internal resistance values and capacitances, energy and peak power densities for CNC supercapacitors are calculated (see the methods section). The results are compared with different thin film energy storage devices designed for flexible electronic applications. The volumetric (this includes two CNC films and the polymer electrolyte) peak power and energy densities of the branched CNCbased supercapacitors are 19 mW/cm 3 and 47 mWh/cm 3 respectively. This value is similar to that of the single layer graphene-based solid state supercapacitor 18 and the laser-scribed graphene electrochemical capacitors 20 using the same electrolyte in energy density while offering high mechanical flexibility and optical transparency. In addition, the branched CNC-based supercapacitor exhibits an increase of energy densities of up to 3.1 times higher at 80uC and has similar value to the reduced multilayer graphene oxide 18 and the hydrated graphitic oxide 19 in energy density. This remarkable thin film capacitor behavior can be attributed to the well-textured nanoscale features on the electrode, the significantly increased surface area in the more complex branched CNC films, the excellent conformal filling of polymer electrolyte, and the maximized active electrochemical surface area, respectively. We also speculate that the all connected graphitic structures of CNC films facilitate the charge transfer during charge/ discharge processes leading to the higher power density. Performance of the supercapacitors under mechanical deformations and their long cycle life. In order to evaluate the potential of CNC-based supercapacitors for the use as flexible energy storage, a device was placed under various mechanical deformations and its performance was analyzed. The capacitance and other electrochemical properties changes according to the number of helical wrapping of CNC capacitor film (3.5 cm by 0.5 cm) around glass tube (0.5 cm diameter) are shown in Fig. 4a and Fig. S3 . CNC capacitor devices retain their superior capacitance, CV and CD properties even after helically rolled up to 720u. This excellent mechanical flexibility and integrity could be due to the effective conformal filling of polymer electrolyte into organized graphitic nanostructured film.
We also measured the long cycle life (number of charge-discharge cycles at constant current) of CNC supercapacitors w/wo mechanical deformation. The normalized capacitance as a function of cyclenumber is shown in the Fig. 4b . The supercapacitor devices even under mechanical stress (45u bending) show long life cycle stability: . 84% of the initial capacitance after 10,000 cycles, indicating that the performance is not limited by parasitic chemical reactions and mechanical breakdown due to swelling of the electrode or mechanical strain during charging-discharging.
Discussion
Finally the performance of our supercapacitor as flexible and transparent devices is demonstrated in Fig. 4c and 4d . For this, a prototype of a large area supercapacitor film (3 cm by 1.5 cm) was fabricated and a light-emitting diode (LED, the working potential is 1.5V) was successfully turned on for 20 min after being charged for 15 min at 2.5 V. We show that such devices could also be integrated into unique applications where power delivery along with transparency or mechanical flexibility could be advantageous, for example as thin coatings on windows, screens, structures with different geometries etc. As a demonstration we placed our transparent supercapacitor on a smart phone screen, and during operation of the device one could clearly see the concurrent transparent nature of the devices (Fig. 4c and supplemental movie S1). In another demonstration, the devices were helically wrapped around differently sized glass tubes in high curvature yet showing excellent performance during operation ( Fig. 4d and supplemental movie S2 and S3) .
In summary, we demonstrated the design of transparent, flexible thin film supercapacitor devices with high performance in energy delivery. The devices were assembled using complex nano-engineered thin graphitic film electrodes with significantly increased surface area and three-dimensional structure. Unique morphological and structural features of the films enable an excellent conformal filling of polymer electrolyte and maximize active electrochemical surface area leading to high energy density. The design of the devices allows for mechanically flexible energy storage devices that could be integrated into unique applications that require high form factor and optical transparency, for example rollup displays, wearable device, and organic solar cell platforms.
Methods
Fabrications of CNC films. A CNC film with an interconnected thin graphitic texture, high specific surface area, and uniform nanopore is obtained using highly engineered AAO nanochannels as templates. Nanoporous alumina template is prepared using a standard electrochemical anodization process [21] [22] 26 . Three differently engineered CNCs, which have concave, convex, and branched convex shapes, are made for the supercapacitor electrodes. For concave and convex nanocups, a two-step anodization process is performed at 45 V in 3% oxalic acid (C 2 H 4 O 2 ) solution for 20 seconds to fabricate short nanochannels. Then, AAO templates are soaked in a 5% phosphoric acid solution for 1 hour at room temperature to widen nanopores. In order to produce branched convex nanocups, third anodization is carried out for 5 minutes at 25 V in 3% oxalic acid solution. Low aspect-ratio CNCs are synthesized by using a chemical vapor deposition (CVD) process at 630uC using 10% acetylene gas as a carbon source. Then convex type nanocups are transferred to PDMS and released by dissolving AAO templates in 3.4 g copper chloride and 100 mL hydrochloric acid mixture solution with 100 mL deionized water to produce transparent and flexible graphitic carbon electrodes. For concave type nanocup devices, first the gel electrolyte is placed between two CNC with AAO templates followed by dissolving the templates. Then both sides of the film are coated by PDMS in order to facilitate the handling.
Specific surface area and mass of CNCs. The calculations are based on the following hypotheses. (1) Surface area of cap of a nanocup is consistent with that of mouth of a nanocup pore and curvature of the cap is ignored, and thus both the hexagonal cell and cylinder area in a nanocup geometry are involved into the calculation of the mass, (2) only the surface of carbon layer exposed to the electrolyte is taken into account for specific surface area, (3) the length of the C-C bonds in the curved graphene sheets is the same as in the planar sheet (d c-c 5 0.1421 nm), (4) the nanocups are composed of concentric shells and the inter-shell distance is d s-s 5 0.34 nm, (5) the total carbon layers are about 30 walls in 10 nm thickness, (6) the inter-pore distance is about 105 nm and the total nanocups in 131 cm 2 geometrical area are 1310 10 , (7) the specific surface area of one side of a graphene sheet is 1315 m 2 /g 27 .
The surface of a carbon layer exposed to the electrolyte is: S e~p Ld e zS hc The surface of the entire graphene sheet in one nanocup geometry is:
The total mass of one nanocup geometry is: W c~Sc =1315 and thus the specific surface area of one nanocup geometry is: SSA CNC~Se =W c where L is length of nanocup, d is diameter, d e means inner diameter for concave type and outer diameter for convex type nanocup, S hc is surface of the hexagonal cell, and n is the number of graphene shells.
The calculated SSA is 39, 49 and 63 m 2 /g for nanocups of the concave, convex and branched convex type, respectively. The fact that each shell addition does not produce a strong increase of the surface area of the CNCs is due to the much larger increase of its mass. However, the surface of a carbon layer exposed to the electrolyte for branched CNCs is 2.9 times and 2.3 times larger than that for concave and convex CNCs.
Fabrications of CNC-based supercapacitors. The gel electrolyte is prepared by mixing PVA powder with water (1 g of PVA/ 10 mL of H 2 O) and concentrated H 3 PO 4 (0.8 g). PVA acts as a host for ionic conduction. The ion source comes from H 3 PO 4 acid as proton donor materials. The gel electrolyte is placed between two CNC electrodes. Upon evaporation of water, the electrolyte solidifies. The polymer electrolyte shows very stable performance in the operating range of 1 V in the CNCbased supercapacitors since the voltage range of water used is closer to an aqueous electrolyte.
Characterizations of transparent and flexible supercapacitor devices. Electrochemical properties of CNCs-based supercapacitors are analyzed using cyclic voltammetry (CV), galvanostatic charge-discharge (CD) and cyclic stability. The CV curves of CNC-based devices are measured between 0 and 1 V with various scan rates in the range of 10-500 mVs 21 . CV curves display nearly rectangular shape even at very high scan rates. The CD curves are obtained at a constant current density of 4.2 mAcm 22 for the concave CNCs and 5 mAcm 22 for convex CNCs and the branched convex CNCs. The capacitance and internal resistance values are determined from the slope and the initial voltage drop of the galvanostatic CD curves, respectively. The capacitances C are calculated from the galvanostatic discharge curves using C 5 i/ 2[DV/Dt]A 5 i/2slope 3 A, where C is the capacitance, i is the discharge current, the slope is the slope of the discharge curve after the iR drop, and A is the geometrical area of CNCs on the electrode. The cyclic stability is obtained by performing chargedischarge of the flat and bent CNC supercapacitor over 10,000 cycles. It is apparent that the materials retain good stability over large number of charging-discharging cycles. The efficiency (g), the power density (P) and energy density (E) of the CNCbased supercapacitors are calculated using g 5 (t discharging /t charging ) 3 100, P 5 V 2 / [4RV vol ] and E50.5CV 2 /V vol , respectively where t discharging is the discharging time, t charging is the charging time, V vol is the volume including area and thickness of two CNC films and a polymer electrolyte, C is the measured device capacitance, and R is the internal resistance, respectively.
